A B S T R A C T The antihypertensive function of the renal medulla was tested on accelerated (malignant) hypertension of the rabbit. A procedure for the development of accelerated hypertension of the rabbit of lethal proportions within 3 wk was established. This procedure consisted of the application of a rigid clip with a fixed and unyielding gap to the left renal artery and removal of the right kidney. Three additional manipulations, other than simple nephrectomy, were performed on the right kidney after application of the rigid clip to the left renal artery. These were: (a) a sham operation, (b) removal of the kidney and separation of the renal cortex and its autotransplantation in a fragmented state, and (c) removal of the kidney and separation of the renal medulla and its autotransplantation in a fragmented state. After the shamoperated kidney and autotransplanted renal medulla, the standardized accelerated hypertension did not develop, whereas after autotransplanted renal cortex it did. After a period of protection against accelerated hypertension, removal of either the sham-operated kidney or the renomedullary transplants was followed by a prompt rise in arterial pressure and death of the animal.
A B S T R A C T The antihypertensive function of the renal medulla was tested on accelerated (malignant) hypertension of the rabbit. A procedure for the development of accelerated hypertension of the rabbit of lethal proportions within 3 wk was established. This procedure consisted of the application of a rigid clip with a fixed and unyielding gap to the left renal artery and removal of the right kidney. Three additional manipulations, other than simple nephrectomy, were performed on the right kidney after application of the rigid clip to the left renal artery. These were: (a) a sham operation, (b) removal of the kidney and separation of the renal cortex and its autotransplantation in a fragmented state, and (c) removal of the kidney and separation of the renal medulla and its autotransplantation in a fragmented state. After the shamoperated kidney and autotransplanted renal medulla, the standardized accelerated hypertension did not develop, whereas after autotransplanted renal cortex it did. After a period of protection against accelerated hypertension, removal of either the sham-operated kidney or the renomedullary transplants was followed by a prompt rise in arterial pressure and death of the animal. Thus, the antihypertensive action of renomedullary tissue was similar to that of the whole kidney. The main cell type noted in the protective renomedullary transplants had the microscopic characteristics of the lipid-containing interstitial cells. These cells occurred INTRODUCTION An antihypertensive function of the normal kidney was proposed in relation to the Goldblatt experiment (1) (2) (3) (4) (5) .
During the past 15 years, results after renal transplantation (6) (7) (8) (9) (10) and renal perfusion (11) (12) (13) (14) suggest a renal antihypertensive function by indicating a corrective influence of the normal donor kidney on the hypertensive state. On occasions, this corrective effect has occurred rapidly, suggesting a nonexcretory antihypertensive function.
The renal medulla appears to contribute to the renal antihypertensive function through a nonexcretory action as indicated by results with three experimental models (15) (16) (17) (18) (19) (20) (21) . As a consequence of these observations, antihypertensive and vasoactive lipids were extracted from renomedullary tissue (22) (23) (24) (25) (26) and certain of these depressor lipids were demonstrated to belong to the prostaglandin family of compounds, namely, prostaglandins E and A2 (27) (28) (29) (30) .
The extraction of antihypertensive and vasoactive lipids from the renal medulla led Muehrcke and associates (31, 32) 
METHODS
The experimental model. The model used in these experiments was based on a precise production of accelerated (malignant) hypertension of the white rabbit. This was accomplished by the application to the left renal artery of a rigid silver clip having a fixed gap of 0.5 mm and the removal of the right kidney. The manufacture of this clip and the operative procedures used in its placement are described in detail elsewhere (38) .
The mean arterial pressure was measured directly from the lower abdominal aorta by means of an indwelling polyethylene catheter brought out through the abdominal wall and beneath the skin to the back of the neck. The catheter tip was placed between the aortic bifurcation and the renal arteries.
The aortic catheter was filled with physiologic saline and plugged with a metal obturator. Each day it was determined patent by the sudden injection of 0.5 ml of saline by means of a tuberculin-type plastic syringe. After this maneuver, free flow of blood was demonstrated by the back and forth movement of the plunger of the syringe. The actual pressure was derived through a Statham P23Dc transducer (Statham Instruments, Inc, Oxnard, Calif.) by either of two approaches. In one, the transducer was connected to a Grass polygraph (Grass Instrument Co, Quincy, Mass.) and while the animal remained quiet in a specially designed rabbit box, a free pulse wave was ascertained for 1 min, the mean pressure was determined for 1 min, and the free pulse wave was redetermined for an additional 1 min. In the second approach the rabbit was placed in the box and the aortic catheter and transducer were connected to a Grass continuous recording device. The rabbit's arterial pressure was recorded automatically for 5 min every hour for 3-4 hr. A 100 mm Hg standard recording was interjected periodically to check for voltage drift. The entire assembly, before use, was sterilized with 70% ethanol.
Periodic blood cultures (Difco Thiol media, Difco Labs, Detroit, Mich.) of the rabbit indicated no bacteremia induced by the blood pressure measuring maneuvers. Both approaches, the manual and the automatic, gave rise to similar results.
For all experiments, male white rabbits, 14-16 wk old, weighing about 3 kg, were used. Under pentobarbital anesthesia and a transabdominal approach, the aortic catheter was inserted and brought to the surface and the left renal artery was isolated and constricted by the application of the rigid clip. Then the right kidney was either removed for the standard procedure or manipulated as described below for autotransplantation and sham operation. After each operative procedure, the animal was injected intramuscularly with 50,000 U of aqueous penicillin G each day for 3 days. The arterial pressure measurements were made approximately every 2 days. Body weight was determined periodically throughout the experiment.
After death or sacrifice during the terminal moribund state, tissue was obtained from the viscera and fixed in buffered formalin for light microscopy.
Autotrantsplantation of rental tissute. Under pentibarbital anesthesia, the aortic catheter was introduced and brought to the surface and the left renal artery was constricted with the narrow, rigid clip. Then the right kidney was removed and serially sectioned at 5 mm intervals with a razor blade. Either the entire medulla or an equivalent amount of outer cortex (2 g of tissue) was separated by sharp dissection. The separated medullary or cortical tissue was then minced into small fragments about 1 mm in size in a Petri dish with the razor blade. These fragments were placed in a 20 ml Waring Blendor containing 5 ml of 199 tissue culture media.' The blendor was operated for 6 sec at low speed. The contents were poured into a 50 ml conical plastic centrifuge tube and spun off for 1 min at high speed. The supernatant was poured off and 5 ml of fresh 199 media were added. To this was added 0.02 ml of an antibiotic mixture containing 0.5 g of streptomycin, 400,000 U of penicillin, and 1000 U of bacitracin. After stirring, the fragments were injected either intraperitoneally or subcutaneously. Intraperitoneal inj ection was accomplished ' (1OX) Media 199 without NaHCOs. Available from Microbiological Associates, Inc., Bethesda, Md. through the open abdominal wound. When injected subcutaneously, a 6 inch 17-gauge needle was used. The needle was inserted to the hilt along the subcutaneous tissue of the side of the abdomen up to the rib cage. It was slowly removed as the fragmented tissue was injected. At least four elongated tracts of tissue were made for each transplantation. Sterile operating room precautions were observed throughout. The entire procedure from nephrectomy to transplantation was completed in 15 min.
In four experiments wherein the fragmented medulla was injected as tracts subcutaneously, these tracts were removed surgically under pentobarbital anesthesia after 22-24 days in three animals and after 90 days in one animal. The pelt was shaved, the skin was prepared with Merthiolate, and a long incision was made opposite the tracts. The skin flaps were undermined and retracted. It was an easy matter to locate the medullary transplants and shell out each one (see Fig. 1 ). The skin incision was closed. The animals were followed subsequently by daily arterial pressure and body weight measurements. The recovered transplants were examined by light and electron microscopy. For light microscopy the tissues were sectioned at 5 ,u and stained with hematoxylin and eosin, periodic-Schiff's reagent, Alcian blue, colloidal iron, oil red 0, Sudan black B, and by the Shultz modification of the Liebermann-Burchardt method (39) . For electron microscopy, the tissues were fixed in 3% glutaraldehyde in cocodylate buffer followed by treatment with osmium tetroxide and Epon embedding. by the rigid clip. In addition, one group, indicated by 1), had a right nephrectomy; the second group, indicated by 2), had a right nephrectomy plus renocortical autotransplantation; and the third group, indicated by 3), had a right nephrectomy plus renomedullary autotransplantation. There was no difference in results between the first and second group while the third group had a significant blunting of arterial pressure. Thus, the renomedullary transplants protected against the accelerated (malignant) hypertension. In addition, semithin sections (0.5,u) were stained with toluidine blue.
Sham operation. In order to test the antihypertensive action of the normal kidney against the standardized accelerated (malignant) hypertension and to compare this action with those of the renomedullary and renocortical transplants, the right kidney was sham operated. Under pentobarbital anesthesia, the rigid narrow clip was applied to the left renal artery and the right kidney was freed to its pedicle, delivered, then replaced in its bed, and the peritoneum was sutured over it. The wound was closed and the animal was followed in the usual way.
In these six experiments, after 20-35 days, the shamoperated right kidney was removed and the animals were followed until demise.
Statistical analysis between groups was conducted by Student's t test.
RESULTS
The standardized, malignant hypertensive state (nine experiments, Fig. 2) When the rigid clip was applied to the left renal artery and the right kidney was removed, the rise in arterial pressure was characteristic and reproducible. It entailed three phases. (a) In phase one, the mean pressure rose from control levels of 60-70 mm Hg to 90-100 mm Hg over 2-5 days; (b) in phase two (plateau phase), the arterial pressure remained at 90-100 mm Hg until about days 10-12; (c) in phase three, the arterial pressure rose rapidly to lethal levels during the 3rd wk. Terminally, the animal collapsed and usually had seizures.
By light microscopy, the small arteries and arterioles of the viscera of all nine animals displayed fibrinoid necrosis. Thus, the designation of accelerated (malignant) hypertension was based on: (a) the rapid evolution of a severe hypertensive state as indicated by the rise of the mean arterial pressure to 140-160 mm Hg during the 3rd wk (the normal mean arterial pressure for this colony as determined by 54 measurements on five rabbits was found to be 63 mm Hg ±0.54 SE); (b) either a lethal state or an extreme moribund state at the time of sacrifice; and (c) the demonstration of fibrinoid necrosis of small arteries and arterioles of the viscera. The most outstanding degree of arteriolar disease was noted in the gastrointestinal tract. Often, multiple hemorrhages in the intestines were observed grossly.
Sham-operated right Iddney (six experiments, Fig. 3) When the rigid, narrow clip was applied to the left renal artery and the right kidney was sham-operated, the mean arterial pressure rose slightly over 20 days' time (average from 68 to 80 mm Hg). The differences between the arterial pressure of this group and the right nephrectomy group from the 13th to the 20th days were highly significant (P <0.001). The body weight changes for this group and for the subsequent groups were the same. There was a slight lowering of weight during the 1st wk (from an average of 2.9-2.6 kg) and a return to the control weight by the end of the 2nd wk.
Sham-operated right kidney followed by its removal 20-35 days later (six experiments, Autotransplantation of renal cortex (five experiments, Fig. 2) The left renal artery was constricted by the narrow, rigid clip and the fragmented renal cortex (2 g) from the removed right kidney was autotransplanted intraperitoneally. There was no protection against the accelerated (malignant) hypertension. The three phases of progression of the hypertension were reproduced; namely, an early modest elevation, plateau, and late extreme elevation. The results were identical with those of the standardized experiment (see Table I ).
Autotransplantation of renal medulla (seven experiments, Fig. 2) The rigid, narrow clip was applied to the left renal artery and the fragmented renal medulla derived from the removed right kidney was autotransplanted either subcutaneously (four times) or intraperitoneally (three times). The mean arterial pressure rose from near 70 mm Hg to 88 mm Hg during 10 days' time. Between days 13 and 20, the arterial pressure remained between 85 and 100 mm Hg. The differences in arterial pressure of this group and the group of the standardized experiment between days 13 and 20 were highly significant (see Table I ). Thus, the renomedullary transplants protected against the accelerated (malignant) hypertension in a manner similar to that of the shamoperated kidney. It is emphasized that a lethal set of circumstances seemed averted between days 13 and 20 by the presence of the transplanted renal medulla.
There was no difference in results when the subcutaneous and intraperitoneal routes of transplantation were compared (P 0.5-0.8).
Autotransplanted renal medulla followed by removal of the renomedullary transplants after 22-90 days in situ within the subcutaneous tissue (four experiments, Fig. 4) In these experiments, the left renal artery was constricted by the rigid, narrow clip and autogenous renomedullary transplants from the right kidney were injected subcutaneously. Protection against the accelerated (malignant) hypertension was afforded by the presence of these transplants for 22-24 days in three experiments and 90 days in one experiment. At these times, the renomedullary transplants were removed surgically. After ablation of these transplants, the arterial pressure rose sharply and the animals died within 3-21 days. The results after ablation of the renomedullary transplants resembled those after removal of the sham-operated kidney. The renomedullary transplaints protective toward the accelerated (malignant) hypertension were examined grossly and by light and electron microscopy.
Gross appearance of renomedullary transplants protective toward hypertension (Fig. 1) The tracts and nodules of renomedullary tissue protective toward hypertension displayed highly vascular surroundings. The blood vessels were readily peeled away during the removal of the transplants. After removal of the vascular capsule the transplants were golden yellow in color. Upon removal from the body they were found to be firm, solid, and on section were yellow in color throughout.
Characteristics of the renomedullary transplants by light microscopy (Fig. 5A, B , and C) Hematoxylin and eosin stain (Fig. SA) . The tissue displayed a separation into irregular lobules apparently due to the original fragmentation. It appeared as a nondescript connective tissue structure which was well vascularized by capillary-type vessels.
In addition, there were foci containing degenerated renal tubules and a few scattered macrophages, lymphocytes, and polymorphonuclear leukocytes. There was no overt inflammatory change and, as expected, no indication of rejection. The remaining tubules were either extremely atrophic or destroyed and calcified by dystrophic type of calcification.
Oil red 0 stain (Fig. SB) . The oil red 0 stain indicated the presence of many cells containing fine red droplets of lipid in their cytoplasm. These droplets were especially evident about the nucleus of the cell. The cells themselves appeared to concentrate in certain areas giving the impression of clustering. The high lipid content appeared to explain the gross yellow color, most likely due to carotinoid pigment as in other lipid-containing tissues.
Sudan black B stain. The cells which yielded oil red 0 positive droplets appeared to be the same cells containing many black droplets following the Sudan black B stain. These droplets were not evident when the tissue was pretreated with acetone, suggesting that they resulted from the presence of phospholipids.
Liebermann-Burchardt reaction. The Shultz modification of the Liebermann-Burchardt reaction indicated that cells within the transplants had granules yielding a green color. This suggested that the granules contained cholesterol.
Alciant blue and colloidal iron stains. The deep blue color of these stains indicated the presence of acid mucopolysaccharide of ground substance. The ground substance was in the form of pools among the fibrillar structure. Since acid mucopolysaccharide is present in nornmal renal medulla, these observations indicated the presence of cells capable of maintaining this structural pattern of the original tissue.
Periodic acid-Schiff reaction. This stain suggested the presence of much collapsed basement membrane material within the renomedullary transplants.
Semithin section and toluidine blue stain (Fig. SC) . Epon-embedded tissue was sectioned at 0.5 a and stained with toluidine blue. This stain gives the lipid vesicles of the renomedullary interstitial cell a purplish to greenish color. The cells occurring in clusters as noted with the oil red 0 stain had the typical appearance of renomedullary interstitial cells. The elongation and formation of cytoplasmic processes and the presence of many vesicles were especially noteworthy. These sections also indicated the presence of a great deal of basement membrane material most of which appeared collapsed. The latter, as in the PAS-stained preparation, is in keeping with the disappearance of most tubules leaving their basement membranes behind.
Characteristics of the renomedullary transplants by electron microscopy (Fig. 5D) By electron microscopy, the main cell type encountered within the renomedullary transplants had the characteristics of the renomedullary interstitial cell. The nucleus of this cell was prominent and the cytoplasm extended out as elongated processes. Within the cytoplasm were prominent osmiophilic vesicles. These vesicles varied in the intensity of osmiophilia, a few being light gray but most being intensely black in color, suggesting a variation in lipid content. Perinuclear and other cisterns were noted. These cisterns were surrounded by ribosomal-like dark particles. In some cells mitochondria, smooth endoplasmic reticulum and appearance is that of nondescript connective tissue having many capillaries. Golgi apparatus, as described for the renomedullary interstitial cell in its natural habitat, were also noted. As expected from experience with the interstitial cell within the kidney itself (32) osmiophilic vesicles and prominent perinuclear and other cisterns. Of these cell types, the macrophages, lymphocytes, polymorphonuclear leukocytes, and fibroblasts were few and scattered. The cell with smooth endoplasmic reticulum was rare. There was little reason to suggest that ingrowing capillaries were unique and the remaining tubular epithelium was in a degenerated rather than regenerated and healthy-appearing state. The most common cell type had the characteristics of the renomedullary interstitial cell. Moreover, the interstitial cells appeared to be in groups or clusters suggesting a focal proliferation. Thus, it would seem that the interstitial cell was the most eligible cell for the exertion of the antihypertensive action of the renomedullary transplants.
The vasodepressor prostaglandins E2 and A2 (PGE2 and PGA2) (27) (28) (29) (30) and an antihypertensive neutral lipid (25, 40, 41) have been extracted from the renal medulla. Prostaglandin E2 exerts an antihypertensive effect in the hypertensive rat (42) and rabbit (41) when injected in large doses and prostaglandin A2 drops the pressure of hypertensive man during continuous intravenous infusion (43) . The antihypertensive neutral renomedullary lipid (ANRL) lowers the arterial pressure of the hypertensive dog (40) and rabbit (41) by means of relatively low doses when highly refined.
Two iiaj or hypotheses may be entertained relative to the antihypertensive renomedullary cellular action. One considers the secretion of depressor substances and the other the neutralization or suppression of pressor substances. As noted above, there are indications that the osmiophilic vesicles of the renomedullary interstitial cells contain prostaglandin (35) (36) (37) 
